In this report we present evidence that Con A-activated T helper 2 cells transcribe the interleukin 2 (IL-2) gene when cycloheximide is added 3 hr after stimulation. This IL-2 mRNA can be translated into functional protein. However, no steady-state mRNA for v-interferon can be detected under the same experimental conditions. Furthermore, when cycloheximide is administered at time 0 of activation, no IL-2 mRNA is seen. Nuclear run-on experiments indicate that IL-2 transcription in T helper 2 cells depends on the presence of cycloheximide. It is likely, therefore, that activation of T helper 2 cells leads to the production of a labile regulatory protein that represses the expression of the IL-2 gene. These rindings provide insight into the molecular mechanism that governs the differentiation of interleukin 4-producing T helper 2 cells from IL-2-producing precursor cells.
IL-2-producing precursor cells.
T-cell receptor (TCR)-mediated stimulation leads to T-cell activation, measured in part by lymphokine production and lymphokine receptor expression (for review, see ref. 1) . Some lymphokines are autocrine growth factors, allowing T-cell proliferation. In addition, lymphokines can act in a paracrine manner on other cells, thereby serving as regulators of the immune system (2)-e.g., interleukin 4 (IL-4) has only a weak autocrine effect but exerts an important paracrine effect on B cells where it regulates immunoglobulin isotype switching (3) . Two types of murine CD4+ T helper (Th) cells have been described that differ in their lymphokine production; namely, Th-1 cells that generate interleukin 2 (IL-2) and y-interferon (IFN-'y), and Th-2 cells that secrete
IL-4 and interleukin 5 (IL-5) (4).
To the best of our knowledge, nothing is known about the mechanism that controls the various patterns of lymphokine production in the two types of CD4+ Th cells and at what stage in T-cell differentiation this distinction is imposed. We report here that the IL-2 gene is activated in Th-2 cells upon TCRmediated stimulation. IL-2 transcription, however, is controlled by a cycloheximide (CHX)-sensitive element. These results provide insight into the mechanism that regulates the differentiation of CD4+ cells into Th-1 and Th-2 cells.
MATERIALS AND METHODS
Mice. BALB/c (H-2") and AKR/J (H-2) were purchased from The Jackson Laboratories.
Cell Lines and Monoclonal Antibodies (mAbs). The generation and maintenance of the cloned Th-2 cell lines D1O.G4.1 (D10) (obtained from the American Type Culture Collection) and CDC25 (kindly provided by D. Parker, Univ. of Massachusetts Medical School) have been described (5, 6) . Briefly, cell lines D10 (specific for conalbumin in the context of I-Ak) and CDC25 (specific for rabbit IgG in the context of I-Ad) were stimulated every 2 weeks with antigen and irradiated syngeneic splenocytes as antigen-presenting cells. Supernatant from rat spleen cells that had been stimulated with Con A for 48 hr was added to the culture medium as source of lymphokines. Each experiment was carried out with resting cells obtained 10-14 days after antigen stimulation. For IL-2/IL4 bioassays the HT-2 indicator cell line was used, which synthesizes DNA in response to either of these lymphokines. The mAb anti-murine IL-4, liB11 (kindly provided by W. Paul, National Institutes of Health), was produced as ascites fluid and used at a 1:1000 dilution. The mAb antimurine IL-2, S4B6.1 (kindly provided by T. Mosmann, DNAX), was prepared by ammonium sulfate precipitation of tissue culture supernatant and used at a 1:320 dilution.
RNA Nuclei from D10 cells were prepared as described (9) . The transcription assays were carried out immediately after isolation of nuclei according to the protocol of Groudine and coworkers (10 (11) . Hybridization and washing conditions were carried out as described (10) .
RESULTS AND DISCUSSION
To study the regulation of lymphokine production in murine T cells, we have reexamined the Th-2 cell line D10. This
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Abbreviations: CHX, cycloheximide; mAb, monoclonal antibody; TCR, T-cell receptor; Th, T helper; IL-2, -4, and -5, interleukin 2, 4, and 5, respectively; IFN-y, y-interferon. *To whom reprint requests should be addressed T-cell clone produces IL-4 and IL-5 upon TCR-mediated activation. Fig. 1 shows the kinetics of steady-state lymphokine mRNA expression after stimulation with Con A. This mitogen has been shown to exert its function through the TCR (12) . IL-4 mRNA was readily detectable 3 hr after activation and peaked at 6 hr. Thereafter, it decreased progressively and was undetectable 48 hr after stimulation. Similar kinetics were observed for IL-5 mRNA. However, neither IL-2 nor IFN-y mRNA was detected at any point of this kinetic curve, confirming results obtained by others (13) .
It has been suggested that IL-2 gene expression is regulated at two levels: namely, pretranscriptionally by regulatory elements acting on specific 5' upstream sequences (14) and posttranscriptionally by factors that influence mRNA stability acting over the 3' untranslated region (15) . To test whether the IL-2 gene in D10 cells is under negative regulation by transacting elements, the cells were activated with Con A for 3 hr and then treated with CHX, a known inhibitor of protein synthesis. Cytoplasmic RNA was extracted at various times thereafter. We show in Fig. 2 that IL-2 mRNA was detected under these conditions and that IL-2 mRNA accumulated over time in the presence of CHX. In addition to the full-length 1-kb IL-2 mRNA, a shorter 0.7-kb transcript was seen at an equal molar ratio in cytoplasmic RNA in the presence of CHX. This could be due to usage of a different start site for transcription or differential mRNA splicing.
Identical results were obtained with another Th-2 cell line, CDC.25. Steady-state IL-2 mRNA was seen in these cells only when CHX was added 3 hr after activation with Con A (Fig. 3) . Again, IL4 mRNA did not accumulate in the presence of CHX. In fact, IL-4 mRNA was undetectable 24 hr after Con A activation in the presence of CHX (Fig. 3) .
It has been suggested that the transcription ofthe IL-2 gene is dependent on an inducer protein that presumably acts on the gene promoter (16, 17) . Therefore, we tested whether such positive regulation is also required for lymphokine transcription in D10 cells. For this purpose, CHX was added with Con A at time 0 of culture, and cytoplasmic RNA was extracted 24 hr later. As shown in Fig. 4 , neither IL-2 nor IL-5 mRNA was detected, although a normal level of IL-4 mRNA was seen under these experimental conditions. These results suggest that the IL-4 gene is transcribed as a result of second mediators that are generated upon TCR-mediated stimulation and act upon proteins already present in the cell. On the other hand, the IL-2 and IL-5 genes require the presence of a newly synthesized inducer protein for the initiation of transcription. It is likely, therefore, that in Th-2 cells the initial activation of the IL-2 gene follows the same pathway as in other T cells (18 (Fig.  2) , since their steady-state levels decreased even in the presence of CHX. (ii) CHX could inhibit the formation of a labile repressor protein that binds to a regulatory region ofthe IL-2 gene. Such a region controlling constitutive expression of IL-2 has been mapped proximal to the "TATA box" near an inducible DNase I hypersensitive region (20) . The existence of a labile repressor protein regulating IL-2 expression has been suggested by other authors (21, 22) . (iii) CHX could posttranscriptionally activate an inducer protein. A candidate for this is NFKB, a nuclear factor that was originally described to be specific for the immunoglobulin K enhancer (23), but has recently been shown to upregulate transcription of many other genes, including IL-2 (24) (25) (26) .
To test whether CHX exerts an effect directly on IL-2 transcription in Th-2 cells, in addition to mRNA stabilization, we performed nuclear run-on experiments. As can be seen in Fig. 5 , IL-2 transcription occurred only in Con A-activated D10 cells when CHX was added 3 hr later. On the other hand, IL-4 transcription solely depended on the activation of the cells with mitogen and was not influenced by CHX. These results clearly indicate that IL-2 transcription is regulated in Th-2 cells by a CHX-sensitive element. This conclusion is strengthened by our finding that chloramphenicol acetyltransferase expression driven by IL-2 5' upstream sequences occurred in Th-2 cells only when the cells were activated with Con A, followed by CHX treatment 3 hr later (A.Z., E.M., and B.T.H., unpublished data). It should be mentioned that fusion between IL-2-producing and IL-4-producing cells leads to hybrids that secrete both IL-2 and IL-4 (27) . These findings suggest that the element that represses IL-2 transcription in Th-2 cells is not codominantly expressed.
To examine whether a similar mechanism regulates IL-2 gene expression in other cell lineages that do not secrete IL-2 upon activation, we screened the RNA extracted from a B lymphoma, A20, and a macrophage cell removed from the cells 24 hr after initial activation, and the supernatant was tested 4 hr later for lymphokine content. A bioassay on HT-2 indicator cells showed that this supernatant contained IL-2 and IL-4, since its activity could be partially blocked either with the mAb ilB11 (anti-IL-4) or with the mAb S4B6.1 (anti-IL-2) and completely blocked with a combination of both mAbs (Fig. 6) . However, the activity of supernatant from D10 cells that had been stimulated only with Con A (D10 ConAsn) was completely blocked with the anti-IL-mAb and uninfluenced by the anti-IL-2 mAb. These results prove that the IL-2 mRNA accumulated in Con A-activated Th-2 cells in the presence of CHX can be translated into functional protein.
In conclusion, the data presented here provide evidence that stimulation of Th-2 cells by Con A activates the positive regulatory elements that are necessary for IL-2 transcription. In addition, the data suggest that a negative regulatory element(s) represses IL-2 transcription. We hypothesize that the differentiation of precursor T cells into Th-2 cells is controlled by the development ofa specific regulatory system for lymphokine gene expression and/or repression. The question remains whether this distinction is imposed before or after antigen contact. Hayakawa and Hardy (28) Proc. Natl. Acad. Sci. USA 86 (1989) not produce IFN-y. According to this model, the IL-2/IFN-y-producing Th-1 cells would be derived from separate precursors. In support of this hypothesis we have found that the IL-4 gene is not transcribed in Con A-activated Th-1 cells in the presence of CHX (A.Z., E.M., and B.T.H., unpublished observation).
